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PRODUCTION OF PIPELINE GAS BY BATCH 
HYDROGE3IOLYSIS OF OIL SEIAIE 

bY 
E. B. Shultz, Jr. and H. R. LLnden 

Institute of G a s  Technology 
Chicago , Illinois 

The conversion of oil shale t o  high heating value 
gases by d i r ec t  hydrogenation was investigated t o  deter- 
mine if the production of pipeline gas by this method 
was feasible  and if it offered potent ia l  advantages over 
a l ternate  methods f o r  u t i l i z a t i o n  of the large reserves 
of  this f o s s i l  fuel .  
of  a 22.9 gal .  per ton Fischer assay Coloracio oil shale 
were obtained a t  a maximum reactor temperature of 1300°F., 
maximum pressures of 1200 t o  5700 p.s . i .g . ,  hydrogen-shale 
ra t ios  equivalent t o  50 t o  200 per cent of stoichiometric 
requirements f o r  complete conversion of the organic carbon 
plus hydrogen content t o  methane, and f o r  three p a r t i c l e  
s ize  ranges. Nearly complete conversion of.orgaaic carbon 
and hydrogen t o  a f u e l  gas with a heating value of over 
800 8 . t .u .  per standard cubic foot  w a s  obtained i n  re- 
l a t i v e l g  short  residence times a t  temperatures of U0Oo 
t o  1300 F., with o n l y  l i t t l e  formation of carbon oxides 
from mineral carbonate decomposition. In view of the 
r e l a t ive ly  low material costs,  these r e s u l t s  indicate  
tha t  serious consideration can be given t o  supplementing 
the future  supply of natural  gas with synthetic high 
heating value gas from o i l  shale,  pa r t i cu la r ly  i n  areas 
served by long-distance transmission l i n e s  passing i n  
the v i c in i ty  of the Colorado deposits. 

Data on the batch hydrogenolysis 

\ 
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PRODUCTION OF PIPELINE GAS BY EATCE HYDRDGEMISSIS OF OIL SHALE 

E. B. Shultz, Jr. and H. R. Linden 
I n s t i t u t e  of Gas Technology 

Chicago , I l l i n o i s  

A n  exploratory invest igat ion has been made of  the dry, high-pres- 
sure  hydrogenolysis (hydrogasification) of o i l  shale as part of a con- 
t inuing program concerned w i t h  the production of natural gas supple- 
ments and subst i tutes  from l i q u i d  and so l id  f o s s i l  fuels .  

Previous publications in this  s e r i e s  have dea l t  w i t h  the high- 
pressure hydrogasification of petroleum o i l ,  bituminous coal and 
l i g n i t e s ,  and pure  compounds r e l a t ed  t o  petroleum The 
purpose of the present work was  t o  determine if the recovery of the 
organic constituents of o i l  shale i n  the,form o f  high heating value 
gas would provide an a t t r a c t i v e  a l t e rna t ive  t o  the conventional ap- 
proach of maximizing l i q u i d  products recovery. Results indicated that 
rapid,  and nearly complete conversion of the organic carbon plus hydro- 
gen content of o i l  shale t o  a high methane and ethane content gas o f  
over 800 B.t.u./SCF (standard cubic foo t  a t  600F. , 30 inches of mercury 
pressure, saturated w i t h  water vapor) heating value can be obtained a t  
r e l a t i v e l y  moderate temperatures and pressures. 

throughout the study, s ince this material appeared representative of 
the Green River formation deposit of Northwestern Colorado estimated 
t o  contain about 1260 b i l l i o n  ba r re l s  of o i l . e  

A n  indicat ion of  the need f o r  development of economical methods 
f o r  the production of  pipeline gas from the large reserves of sol id  
f o s s i l  f u e l s  can be obtained from a recent study of f ac to r s  influencing 
United S ta t e s  crude o i l  and natural  gas p r o d ~ c t i o n . ~  The re su l t s  o f  
th is  study show that  on the basis of an estimate of average d r i l l i n g  
r e t u r n  ( r a t i o  of  es tabl ished reserves t o  footage d r i l l e d )  , domestic 
crude o i l  prices would have t o  reach $6 per ba r re l  t o  achieve an u l t i -  
mate recovery o f  160 b i l l i o n  barrels ,  and that at a maximum price o f  
$4 pe r  b a r r e l  on ly  140 b i l l i o n  ba r re l s  would be u l t h a t e l y  recovered. 
These crude o i l  prices were computed after allowing f o r  natural  gas 
revenues ranging from 50 cents per barrel a t  present, t o  over $1 per 
b a r r e l  a t  the time u l t i m a t e  crude o i l  recovery reaches 160 b i l l i o n  
ba r re l s .  Since 88 b i l l i o n  ba r re l s  of domestic crude o i l  had already 
been discovered a t  the end of 1957, this would correspond t o  additional 
discoveries of only 52 b i l l i o n  barrels  a t  a maximum r i c e  of $4 per 
barrel , o r  72 b i l l i o n  barrels a t  a maximum price of $6 per barrel, 
assuming average d r i l l i n g  return.  A t  an expected average future  recov- 
e r y  of 6000 cubic feet of natural  gas per ba r re l  of crude 
the t o t a l  additional gas supply, including present reserves of 247 
t r i l l i o n  cubic feet , ’  would then be about 560 and 680 t r i l l i o n  cubic 
f e e t ,  respectively.  This i s  substant ia l ly  less than a recent estimate 
of 1200 t r i l l i o n  cubic feet  (corresponding t o  an ult imate crude o i l  
recovery of 250 b i l l i o n  barrels) ,  based on geological factors  without 
consideration of  economic l imitat ions on exploration and 

crude i s  permitted, lack of economic incentives may r e t a rd  development 
of a major portion o f  potent ia l  domestic crude o i l  reserves. 
shale would correspondingly gain i n  importance as an a l t e rna te  source 

A Colorado o i l  shale of 22.9 gal. per ton Fischer assay was used 

Thus, i f  increased importation of r e l a t ive ly  low-cost foreign 

O i l  
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of pipeline gas in view of the large and well-known proved reserves, 
approaching in mapitude the thermal value-of economically recoverable 
coal reserves.ll’ 2 

APPARATUS AND PROCEDKRE 
The one-liter Autoclave Engineers high-temperature, high-pressure 

reactor used in previous batch hydrogenolysis studies was used in this 

the pure compound study.14 The reactor was charged at room temperatures 
and placed in the rocking furnace, which was also at room temperature. 
Heating at f’ull input (4.5 k w . )  was maintained throughout the rising 
temperature portion of the run, with temperature rising at about g°F. 
per minute. Simultaneous temperature and pressure measurements were 
taken, and gas samples were obtained at intervals throughout t’ne 
course of each run which consisted of a 128 to 152 minute period ?e- 
quired to reach the nominal temperature of 1300°F., and an additional 
30 &Ute period at 1300OF. In all cases reaction was initiated well 
below 1300OF.; the initiation of rapid gasification appeared to corre- 
late with the appearance of a well-developed temperature dip at 1025OF. 
In accordance with previous practice, this was designated the inLtial 
gasification temperature for oil shale and was arbitrarily used as z 
zero time base for the space-tirne yield calculations. Feed and residue 
shale samples were subjected to sieve analysis, and to ultimate 
analysis f o r  total carbon and hydrogen.. Mineral carbon ties determined 
gravinetrically from the carbon dioxide evoLved with ecid, in a 
technique employed by the Bureau of Mines Experiment Station, L a d e ,  
Wyoming; organic carbon was obtained by difference.17 Carbon dioxide 
liberation values determhed from residue shale analyses were found to 
be unif‘ormlg greater than values obtained from gas analysis dati, be- 
cause of continued evolution of carbon dioxide after runs were ter- 
minated; conclusions concerning carbon oxides formation were drawn frco 
product gas yields and compositions. 

Product gas samples were analyzed with a Consolidated EngLneerjng 
Co. Model 21-103 mass spectrometer; heating values and specific gravi- 
ties were calculated from the analyses. Product gas volumes and heat- 
ing values were calculated at 60°F., 30 inches of mercury absoluts 
pressure, and saturation uith water vapor,assuming the ideal gas law. 
Specific gravities were calculated on a dry basis from the average 
molecular weight of the gas referred to air of molecular weight 28.972. 
Initial hydrogen volumes were obtained by direct measurement; the re- 
actor was charged with shale and hydrogen to the desired pressure, 
and the hydrogen was slowly vented through a wet test meter. Use of 
compressibility data at room temperature permitted the calculation 
of reactor free space when charged with shale. Product gas volumes 
during the course of the run at temperatures of 950°F. and above were 
calculated from observed temperatures and pressures and the initial 
reactor free space, assuming ideal gas behavior. Previous work with 
coal has shown that gas volumes calculated by this method agree with 
values measured by wet test meter, with a deviation of about 3 per 
cent.13 Further, the reasonably close agreement of reported organic 
carbon and hydrogen conversions based on computed product gas volumes, 
and organic carbon conversions based on residue ultimate analyses, 
supports the use of pressure-temperature-reactor volume measurements 
with assumption of ideal gas behavior. The feed shale analysis is 
given in Table 1, and the effects of process variables are shown in 
Tables 2, 3 ,  and 4, and Figures 1 and 2. 

The procedure was essentially the same as described in 
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Table l.-ASSAY AND ANAL;ysIS OF U.S .  BTJREAU 
OF MINES O I L  SHALE SBR58-40X 
a Fischer Assay 

O i l ,  w t .  $ 8.8 
water, w t .  $ 1 . 2  
Spent shale, w t .  $ 88.0 
G a s  + loss ,  w t .  d 
0b1, gal./ton 
Water, gal./ton 

Total  

r av i ty  of o i l  "6 O 7 6 0 O ~ .  
', 

0 .  

2.0 
lT53 
22.9 

3.0 

917-0. 918 

Sieve Analysis' 
40-100 Mesh Sample 
Runs 3, 4, 5, 10, 11 

U.S.S. Sieve W t .  % 
A0 

40-50 
50-60 
60-70 
70-80 

-100 
80-100 

0.8 
25.3 
20.0 
19.1 
16 -7  
13.6 

4 -5 
Total 1583 

Sieve Analysise 
140-325 Mesh Sample . .  - 

Run 9 
U.S.S. Sieve W t .  B 

+14 0 3.2 
140-170 24.5 
170- 200 0.4 
200-230 32.8 
230-270 11.2 
270 - 32 5 0.2 

-325 27.7 
Total 1oO.o 

b Carbon-Eydrogen Analysis / 

Carbon, w t .  % 
Mineral 4 .a8 
Organic 10.52 

Total rn 
Hydrogen, w t .  $ 1.59 
Ash, w t .  .% 68.98 
YEneral GO*, w t .  $ 17.88 

f 

sie;Je h a l y s i s d  
5-20 Mesh Sample 

,Run 8 
- 

U.S.S. Sieve W t .  p 
+5 

5-8 
8-10 

4.6 
41.3 

4.7 
10 - 12 8.4 
1 2  - 1 4  %*1 
1 4  - 16 13.4 
16 - 18 0.6 
18-20 13.2 

-20 5.7 
Total 100.0 

a) Average of U. S. Bureau 
of Mines R u n s  53456 and 
53457. 

b, Average of U. S. Bureau 
of Mines Runs lo291 and 
10292. l7 
I . G . T .  Lab. No. 3910. 

d, I . G . T .  Lab. No. 4012. 
e)  I .G.T.  Lab. No. 4013 
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EFFECTS OF PRESSURE 

At all three pressure levels studled, 340, 735 and 1710 p.3.i.g. 
,initial pressure (1215, 2430 and 5540 p.s.i.g., respectively, upon 
attainment of 13OOOF. ) , the results showed that high heating value pro- 
duct gases were obtained at high organic carbon-plus-hydrogen Conver- 
sions as the nominal run temperature of 1300OF. was approached; pro- 
duct gas dilution with carbon oxides was not excessive and practically 
no liquid products were formed (Table 2) .  
flowing and had virtually the same sieve analysis as the charge. 

(prlmarily methane, ethane and propane) at temperatures of only 1200O 
to i3OO0F,was primarily responsible for the low evolution of mineral 
carbon oxidese; this dFffers significantly from the results obtained 
in high-tem erature retorting at low pressures and in the absence of 

carbon dioxide evolution, the apparent yield and mole per cent of car- 
bon dioxide was not affected signif'icantly by pressure level (Figure 1). 
However, total glelds of carbon oxides were decreased at the higher 
pressures, reflecting the decrease in carbon dioxide conversion to car- 
bon monoxide by the reaction COa + H2 + CO + G O ,  as the hydrogen con- 
tent of the product gas decreased. 
total carbon oxides content was on ly  22.4 mole $. (The reported / 

The hydrocarbon hydrogenolysis reactions, an& the sequence of 
appearance of the stable intermediates Fn methane production from high- 
er molecular weight carbon-containing materials (such as oil shale 
kerogen), corresponded closely to those observed in hydrogenolyzis of 
petroleum oilsla and pure compounds related to petroleum o i l s .  
Propane and higher paraffin hydrocarbons formed in earlier portions of 
each run were soon hydrogenolyzed with increasing appearance of ethane 
and methane. Ethane yields and concentrations in turn passed through 
maxima with increases In time and temperature, as methane, the stable 
final product, continued to increase. Maximum ethane yields were ob- 
served at attainment of l.200°F. at all pressures (Figure 1). 
effect of pressure increase was to increase the rate of ethane produc- 
tion below 1200°F. and the rate of ethane disappearance to methane 
above 120O0F. 
with increases in pressure, accompanied by increases in conversions 
and space-time yields. 
sures, together with lower carbon oxide yields and higher methane yields 
resulted in considerable increases in product gas heating values. 
example, heating values of 792, 871 and 908 B.t.u./SCF were observed 
at attainment of 1300OF. as pressure w a s  increased from 1215 to 2430 
to 5540 p.s.i.g., respectively (Table 2). 

At the two higher pressures studied, as well as in other runs 
carried out at 1005 of stoichiometric feed ratio, the gasification of 
organic carbon-plus-hydrogen decreased slightly at temperatures of 
1200O tu 1300°F., accompanied by a decline in gas heating value 14 
excess of that corresponding to increased carbon oxide formation. This 
indicates that insufficient hydrogen may have been present in the 
later portions of these runs to prevent a small amount of carbon form- 
ation from product hydrocarbons. 
at higher pressures, due to decreased hydrogen concentrations brought 
about by the higher hydrogen consumptions characteristic of higher 
pressure operation. 

The spent shale was free 

Rapid attainment of high conversions of the organic matter to gas ,, 

hydrogen."' I: Although higher pressure would be expected -to suppress 

Even at the lowest pressure level, , 
- N2 + CO contents were primarily carbon monoxide.) . -  

The 

Methane yields were considerably increased above 1200OF. 

Increased hydrogen consumptions at higher pres- 

For 

This effect appeared to be greater 
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FZWECTS O F  iM3RCGDT-SiWL;E FIE3) FATI0 

Figwe 2 presents gas y i e ld  data a t  hydrogen-shale feed r a t i o s  of 
50% (Run 11) , 1005 (RUT 10)  and 200% (Run 5) of s toichionetr ic  reqdire- 
ments for coriversion to  methane; .complete r e su l t s  f o r  3uns 11 ~ccl 5 
are given in  Table 3 ~ and for the key test, 2x1 .lo, i n  Table 2.  i t  
temperatures below 1200°F., the extent of gasif icat ion at 505 of' 
stoichiometric hydrogen-shale feed r a t i o  was agproxiaately the sram 
as a t  the higher feed r a t i o s  so tha t ,  i n  the absence of excess hy&o- 
gen dLlution, earlier formation of high heating value Froduct gas 
occurred. Eawever , a t  m e  higher temperatures, conversions were re- 
duced substant ia l ly  by decreases i n  hydrogen supply, but not oropor- 
t i ona l ly  t o  reductions In feed r a t i o .  For instance , at  l 3 O O 0 $ .  , 
gasif icat ion of organic carbon and hydrogen vas 77 veight 5 at  505 of 
stoichiometric, 90 w e i g h t  5 a t  1005 of stoichiometric, and complets 
a t  200% of stoichionetric feed r a t i o .  Considerable vapor-Fnase et?- 
bon formation was indicated during the later portion of tine run a t  335 
of stoichiometric, and none a t  200s of stoichiometric. This c c q a r e s  
w i t h  evidence of only l imited vapor-phase carbon f omat ion ,  Indicetea 
by a gradual decline in conversion and product gas heat- value, la te  
in the course of the run a t . l 00$  of stoichiometric feed re t io .  

Pressure levels  f o r  Xuns 10 and 5 a t  loo$ and 2005 of s t o i c h i m e t r i c  
feed r a t i o ,  respectively, were qui te  comparable, permitting a direst 
evaluation of the e f f e c t . o f  hydrogen concentration on carbon oxides 
formation.. Total carbon oxide yields were about the sarxe f o r  these 

feed r a t i o  caused much greater conversion of evolved carbon dioxi& ts 
carbon monoxide. 

Ethane yields were increased by increases in feed r a t i o  frca 50' 
t o  200$ of stoichiometric; however, ethane contents were greetest  et 
100% of stoichiometric feed r a t i o .  Dilution of the proauct g t s  :,!it:? 
excess hydrogen reduced the ethane content a t  20075 of' stoichLomet?ic, 
and pyrolysis reactions favoring methane over ethane formation E~LX&. 
the ethane content a t  505 of  stoichiometric. 

EFFECTS OF PARTICLE S I Z  W G E  

t w o  m s ,  but  increased hydrogen concentration a t  2005 of s t o i c h i m e t r i c  . I  

In view of the substant ia l  cost of o i l  shale s i z e  rsduct ion, lo  
it would be desirable t o  u t i l i z e  r e l a t ive ly  large p a r t i c l e  s izes  tf a 
prac t i ca l  hydrogenolysis process can be developed f o r  moving- lor 3 . ~ ~ 2 -  
bed operation. In Table 4 ,  it can be seen that i n s i p d ' i c a n t  e E e c t s  
on gas yields and composition resulted from a variat ion in p a r t i c i e  
s i z e  range from 5-20 m e s h  t o  140-325 mesh. 

COPEERCIAL POSSIBILITIES 

l i qu id  fuel production because of higher conversion of o r  m i c  matter 
(90-100 weight $ f o r  hydrogasification, compared t o  about 80 weight 5 
conversion t o  l i qu id  and gaseous products in conventional re tor t ing2)  
and elimination of cos t ly  l i qu id  p r c 3 x t  ref ining operations. Xydro- 
gasification, in addition t o  -producing a free-flowing residue con- 
taining l i t t l e  organic matter, also Y Z e l d s  only negligible quantit ies 
of l i qu id  products. T h i s  d i f fe rs  from o i l  h y d r o g a ~ i f i c a t i o n ~ ~ , ~ ~  
and pgrolysis of crude shale where substantial  quant i t ies  of 
l i qu id  by-products &re formed. Absence of a@omeration problems 
should permit the &.?velopinent of continuous moving- o r  fluid-bed 09 
shale hydrogasification processes. Fixed-bed operation would 'nave the 
advantr.ge of redwed f zed preparation costs.  Hydrogen requirements 
could be met with convantiond ca t a ig t i c  steam reforming and carbon 

Production of pipeline' gas from o i l  shale may be preferabie t o  
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oxide removal processes, u t i l i z i n g  a portion of the p w i f i e d  product 
gas f o r  feed and f u e l .  

t o  100% of stoichiometric feed ratios, about 4900 to  6600 SCF/ton of' 
1000 B.t.u./SCF equivalent gas can be produced w i t h  3800 t o  7600 
SCF/ton of hydrogen feed. T o t a l  product gas requirements f o r  hydrogen 
production, including a l l  f u e l  requirements, w i l l  be about 1900 t o  
3800 SCF/ton, leaving a net  1000 B.t.u./SCF equivalent gas yield of 
2800 t o  3000 SCF/ton. Heat requirements f o r  the shale processing s tep 
estimated from gas combustion r e t o r t  data3, w i l l  be about 500,000 
B.t.u./ton, so that i f  product gas is  used as a source of heat, a net. 
gas y i e ld  of 2300 t o  2500 SCF/ton would final1 be obtained. A t  50 ceni 
ton mining cost and 25 cent/ton crushing costJg0 this would r e su l t  i n  
a r a w  material cost  of 30 t o  33 cents/1000 SCF of 1000 B.t.u./SCF gas 
equivalent f o r  22.9 gal. per ton shale. Large deposits of shale 
average 30 gal .  per ton o r  more,' so that raw material cost  could be 
reduced t o  l e s s  than 30 cents/MCF with the r icher  shale. 

Existing pipel ine systems and requested extensions could supply 
the major West Coast and Middle West marketing areas w i t h  pipeline gas 
produced Fn Colorado. With adequate storage, already under considera- 
t i o n  by Congress, the flow of the Colorado r ive r  i s  adequate t o  pro- ~ 

vide water f o r  a 2 mill ion barrel per day o i l  shale industry, which i s  , 
equivalent t o  about 8 b i l l i o n  cubic f e e t  per day of net pipeline gas 
production. lo 

' 

On the basis of the results with 22.9 gal.  per ton shale a t  50 

CONCLUSIONS 

Nearly complete conversion of the organic matter of a typical 
Colorado o i l  shale t o  high methane and ethane content, high heat- 
value f'uel gases has been achieved i n  batch hydrogenolysis a t  1200 
1300'F. in the presence of suff ic ient  hydrogen t o  convert the organic 
carbon and hydrogen t o  methane. Liberation of mineral carbon dioxide 
w a s  kept a t  a low l e v e l  by operation a t  these r e l a t ive ly  low tempera- 
tures .  Pa r t i c l e  s i z e  range variations from 5-20 mesh t o  140-325 mesh 
had no s ign i f i can t  e f f e c t  on gasif icat ion r a t e s  and yields.  
i n  pressure t o  5500 p.s . i .g .  resul ted i n  more rapid formation o f  high 
hesting value gas, higher gas yields and lower t o t a l  yields of carbon 
oxides. However, pressure increases above 2000 t o  2500 p.s.i.g. did 
not appear t o  a f fo rd  advantages commensurate with the cost  increases 
that would be involved i n  a commercial application. Hydrogen feed of 
twice the stoichiometric requirements f o r  methane formation resulted 
i n  complete conversion of organic carbon content, but excess hydrogen 
di luted the product gas. Hydrogen feed of one-half of the stoichio- 
metric requirements resul ted i n  lower conversions and some vapor-phase 
carbon deposition, but  pyrolysis reactions brought about high yields 
of high heating value gases a t  120O0F. 
posit ion appeared t o  begin. Low hydrogen concentrations i n  the pro- 
duct gas slowed conversion of carbon dioxide t o  carbon monoxide, 
an undesirable react ion which consumes feed hydrogen. Although f u e l  
gases of pipeline qual i ty  were produced i n  this study without f'urther 
treatment, i t  would probably be economic t o  remove carbon dioxide 
before high-pressure transmission. On the basis of these resul ts ,  
high heating value gas production by hydrogasification of o i l  shale 
w i t h  hydrogen produced from a portion of the product gas appears both 
technically and econonically feasible .  In  view of the large reserves 
of o i l  Shale, v a s t l y  exceeding estimated ultimate crude o i l  reserves 
and approaching i n  magnitude the thermal value of  economically re- 
coverable coal reserves, serious consideration t o  t h i s  a l ternate  s o w ~ €  
of pipeline gas should be given i n  studies of f'uture gas supply. 

to- 

Increases' 

before appreciable carbon de- 
- ' 
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